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STABILITY OF A BODY STABILIZED BY FINS

AHD SUSPENDED FROM AN AIRPLANE

By W. H. Phillips

S 19,_MAR Y

A theoretical investigation has been made of the

oscillations performed by suspended bodies of the tyoe

commonly used for trailin_ airspeed heads and similar

to_ed devices. The or£mary purpose of the investiga-
tion was to design an instrument that will remain stable

as it is drawn up to a support und_:,_neath an airplane

without attention on the part of the pilot. Flight

tests of a model _irsoeed head were made to supmlement
the theoretical study. Unstable oscillations of the

body at short cable lengths were predicted by the t_<eory,
but the rate of increase of amplitude of these oscilla-

tions was very small. In flight tests, more violent

types of instability were believed to be caused by

unsteady or nonuniform air flow in the region where the

cable was lowe_ed from the airplane. No practical

method was found to provide large damping of the oscil-

lations at short cable lengths, but the degree of

stability present in a suitably designed suspended

body was shown to be satisfactory if the body was
lowered into a uniform air stream.

I_JTRODUC T ION

Suspended devices that consist of heavy streamline_
bodies stabilized by fins have been used in the past

for various <nrFoses. A frequent application of this

type of device is the suspended airspeed head used for

the accu:_ate measu:_ement of airplane speed (reference i).
Certain difficulties have been encountered in tbe use of
these instrmm_nts because of unstable oscillations of

th_ cable and suspended body. One co_tmon type of
instability has been a tendency of the instrument to

swing violently back and forth and from side to side as

it was drawn up close to the airplane. Because of this
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tend,nev these ingtr'umcnts n.e¢_ considerable attention

in hand_fins on@ u.suallr x'eq_l.__a !,i_eservic:_s of :._l_erson

otller c'..an the pilot. Another t.?p_ or ins_abilLty has
beG_.tLa,':ioscillation o< the body a_Id whippi_ acbion of

tb.e cable w_,,en tJ'.,_bed; _as being to_,_Jc.,dat tl_e full

le-uctn of the cable• This l:otion has occurI_ed only

wi_e.n tl:._ inst_-umont was ].o_ve.Yed f%"om cor.ta[:_ airp].anes.

T}_e erosent !nv3sti_at'.on w.Rs unr._,e,rtak<_,n in an
eJf,_rt to de_.'eloo a tv:_e oY tr-ai!irp: .._:,._'soi_edb.aad that

could _.-Glowered froi:1 and d_'av;n up to a s_i)p,ort _uid.@__-

neath t!ie airplane ';_itl,.outclose attention. This

requircms:._t r_ec_-;ssitates tl_at unstable oscillations of

t}ie irtst_,tvm_nt be avoided at anj cable length.

A stu:!>_ of' both lateral and !on,:<itudinu_,! oscilla-

t_cns of the bo:_. and cable s_st_;q", was made in ;c_,fez ,-
_nce '2 This s,,ud_ ,,,._s b_sed on the assure}orion that
the de,._:_pin_ of the too-hi.on :flue to air forces on the
eablg could l:e n..;_,lected. TI:,_ ._,s:'es:_nt invc,stication
S]iO'+,'$[;_)at i;)_.[SaS?t_r'!ptio_l .leads tO ¢_F'OrlOOuS COI_ClUSIOIIS

v'!t}: reja_d to ti),e bouudar__.s o£ stab'.l_ty.
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independently. These types of motion may, therefore,
be t1_eated separately. The lateral motion of the
instrument will be analyzed in considerable detail
because this mode of motion is theoretically most
likely to become unstable.

Lateral Oscillations

_[athematical treatment is possible only for the
case of small oscillations, for which the forces acting
on the body vary linearly with the displacemgnts and
an_ular velocities. The instrument will swin_] from
side to side like a pendul_m but, for small amplitudes,
its motion may be considered to take place in a hori-
zontal _lane. A restoring force deo3nding on the
cable len(_th under considoration will be ass_ned to act
through the oivot _oint.

The subsequent analysis indicates that the drag

force on the cabl_ and body has an important influence
on the damping of the oscillations. In practice,

almost all the drag acts on the cable. For purposes
of' analysis, however, an effective drag force due to
the cable will be assumed to act on the body at its

center of gravity. The _,elation between this effective

drag force and the characteristics of the cable will
be discussed later.

The notation used in considering the lateral motion

is shown in figure i. The equations of motion with

respect to a fixed system of axes are as follo_vs:

j }

_ - %Z o

0

In order to simplify the notation, let

and define the stability derlvatives

I g:.Y
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apd define the other eerivstivus sim!Isrl_r. These

equaticns m_.y be solved by I;_ usual pl'ocu_ure .._
....... c_eno_ equal to_'_ttir,4; the d,_ce1.minant o ,+' th,a comic: " _o
zero. This d_terminant may bo expctnded to give the
quart J.c

aD 4 + bD 3 + eD2 + _D + e = 0 (]_)

W h 3 r O

a : i

y,,
b : --_, : -'-_ "'"

= ,-,p, • ,,

0 : },,T_ _ -_, + __Z; , .%; V "<"¢ + v._y,:,l:V- --_'VYg/

_r \r.
c;, : -,,t:i._y-t-YyN., s, ,

e : -Y<vNp

In ,oPder, to fi_d the nat_z_e of the ::'_otiou from

.... I.... sequation (i), it is necessary to ova].uate -_,_ tability

derivativss in terms of !-hm dimcnsio._'s and aerodynamic

cnaracte_- " ._istics of _be in_tr_muent. In s_ttin_<_< up a

_<im_iifi._d form _oP the stability equation, it _s

su£f_ciently accurate to a.ssum__. that aerodynamic forces

o,:_r th_n @ra C forces wtl! a_[; only on the v,_rtica!

......fin_,_ ti_e i_st_ument. The de,__,'''_tion of the expression

foi_ Y.- is &'i<,en as an example. _

8"_.;

p ,-
---PaTV _S

whs_e

dC "Y

0 o

_'Y= a o 7

1 _Y

Yr_ .... m %f:_

aP,,,:q_,

:A
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The other aerodynamic derivatives may be determined in

a similar manner. Only the de]_ivatives related to the

forces ex@rted by the cable requir'e speclal consideration.
The Y-force caused by a lateral displacement of the body

is found by assuming that the body and cable system,

when viewed from the front, deflects as a simple
pendnl<_m (fig. 2). The Yestorin 6 force due to a small

deflection y of the body suspended a vertical dis-

tance Z below the airplane is

Z

£Y Z

1 6y
Y =
y m_y

-- __

Z

The deri_Tative Yj, is found from the drag force
acting on the body and cable. A dra S force acting on
the body will have a component of side force as shown
in figure _._: Thus

Y = _(i_ + ¢)
Dbk
V

2' V

6Y _ £vs
69 CDb 2

(2)

Ths component of side force due to the body is

16y

6f,
_vs

= C_° m

Inasmuch as the drag of the cable ordinarily far

exceeds the drag of the body, the value of the deriva-

tive Y:. will be principally determined by the cable
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drag. The !c_;thod of calculating an equival_r:t drag

eoofficient..... ("-Dc to take iuto account the .-_..'ffcctof the

cable is give_l in the a.poendix. The de_'_vative Y#

is then given as fol]ov_s:

, , _VS

Y9 : [CDb + CDc)'n7

tJS

The val_:.e o.t tlL,3 cool'if[cleat CDc may be de, termined as
a ]:'unc--'_ -t_<n off th@ ],atio of' horizor_tal lenf;th to height

o/' the aable X/Z f'r'om figu_e 4.

AJ.! the aerodynamic de_,!vati_,es have be_n evaluated

in te _-_, of [;l_,_ d-._rensicns of t_,_ body ani _able s_st_.m
In c,Y:],)_ to _._edu')o th_ humbler of var_a!_]_es, _.t is con-
v;;rrit_.:_tto 3x!,Pe.s,_ th,Ds¢ d:_rivatiw.',s in terms of non-

diJze:_sion__l ratios of' the q_!antities _i_volvc_.d, which are
S_,-__n ar folTows:

i_l]l;_ )c, V 9

g'6

kelativc-d_ns!t.y coefficlent,

K_

Ratio of t_il le..n_:ih to vertical disba._ce of body below

point of sur'port,

Moment-of-inertia factor,

_l-m 2

oz = %1

Time Ls expressed in terms of tho timo unit

When the derivatives, are expr.essed in _oerm,.><'cf these

variables, tb.e stability luu._ti¢ be..;am_s

T :

"

aD 'a + tD '<' + cD' + dD' + e : 0 ($)
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who re

D' : DT

and

a= i

b - °C! - a +C D

c :_ _ + _ aCD
_i F - C-_-

a_C D ab2_i

d : ---q---
r_

e : - C IF

The stability of i-he towed airspeed head may be

determined by substitu.t_as numerical values _n the
formulas for the coefficients and factoring the quartic.

Th8 two quadratic factors d(_termine the neriod and

damping of two modes of oscillation. One quadratic

factor yi31ds values of tha _eriod and damping very

close to those obtained with a simpl_ pendulum having
a length equal to the vertical distance of the towed

body below the airplane and damping equal to that

supplied by the drag force. The other quadratic
factor _ives an oscillation that has values of period

ar.d damping very close to those of the body rotating

as a weather vane about a vertical axis through its

center of' gravity. The weather-vane oscillation

generally has a short period and is always rapidly
damped. The damping of the pendul_n oscillation is,

however, very slow at short cable lengths, because
the cable drag is small.

The couplin C bet_leen the two modes of oscillation

introduces the possibility of instability of the pendulum
oscillation. In order to find the conditions for

instability, th_ coefficients of the quartic may be

substituted in Routh's @iscriminant, which states that
the motion will be stable if the coefficients satisfy
the relation



,,,_._entRe values of the coeff]c'ents (eouation (3))
s.z_ cubstituted in foymula (4), Routh's d'.scriminant

F 2 C ! CI Cl

c_ UD-{ _ abC aCD2
W2CD R + ab._ _ D

CI Cl 2 CI 2 C I

aC _D2 C D3
+--- >0

C i C I

Tbe .express_on is given in this form merel_j" for the s_ke

of com__leteness. In practice, a great simplification

<_T be made with n3sligib!e loss of accuracy, be neg-
aC D

l'-cct!m C the small tel-,m C1 in coefficient c, for-

n,ula (3). The simplified form of the discz.imlnant is

R_L

2CD a ± C a
C_+ -_-T - _]--- a I :D -

2aCDCI (I + _i)

Tt,e minus sign before the exor@ssion

oz:e cohdition fo__* st._bility

a

CD - a -_-_ gives

__ < _ I

-& +

(s)

and the plus sign before the same expression _ives

another condition for stability

F Cl (CD - a)

> _aCD (6)

Boundaries of stability are plotted in figure 5. It is
se_n that below a certain small value of the param-

eter F/R_, given by formula (5), the motion is stable

for all values of the drag coefficient. As F/RF is
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increased above this value, the motion is unstable until
the boundary of stabilit7 l<iven by formula (6) is reached.
The motion then becomes stable again at all higher values
of F/R_.

Examples have been worked out from the general
boundaries of stability (fig. 5) to show the variation
of stability of an actual airspeed head as the cable
length is chan_]ed. The characteristics of the airspeed
head and cable used in the calculations are as follows:

m, slug .........................................
_, foot .........................................
S, square foot ..................................
k, foot .........................................
Aspect ratio ....................................
a, per radian ...................................
C1 ,eoo,,o,,o,e,oI..,,,,,,j.16_,.,,,_,,mo,o.mo..o

Wc, inch .........................................

Cable woight, pound per foot ....................

p, sluc per cubic foot .........................

0.466

0.45
0_25

0.416

2.25

-2.10

0.855

0.375

0.05

0.00238

The cable len!_th is plotted against the effective

dr_g coef'fici_t CD : CDb + CDc in figure 6. The

method for determining this curve is given in the ap.oendix.
The bo_mda_:[es of stability for this particular case are

olotted in the same figure in order that the region of

instai:i!ity may be found. As the body is lowered from

the air_:_lane, it will be stable for a v{._ry _hol.t distance
and v'i]i t}_en become uL_stable unbil the uoper bo_ndary

of _tabi]_ty is reached. The upper boundary of stability

occurs v_len the body is 2.8 feet below the point of support

at an airspeed of ZOO foet per s_eond, or 6.3 feet below

at I00 f_et per second. For all iu_ater cabl_ lengths,

the Ood_7 will be stabl_. When the body is drawn up to
the air_lane, it will acain pass throu_zh the unstable
re <_ion.

The period and de zree of damping of the oscillation

at various cable lenc ths fo_ _ the airspeed head having the

characteristics previously siiven have been calculated
by substituting numerical values in formula (3) and are

given in the followin_ Z table for an airspeed of i00 feet
per second:
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Distance below

airplane,
Z

(ft)

4.0
6.5

!O. O

2O .0

T)

(s c)

2.22
2. tC
_. 51

, 4.95

Pen@_lt<_m
oscillation

23.4 to double amplitude
._ (neutrally sta%le)

90.0 to one -ha2f.'ampl i t_ide

.95 to one-half amplitude!

We a the r-vane

oscillation

i .08 S.8V
i .OV 4. I0

1.06 4.28

1.07 _ .34

_rom these calculations it is seen th_-_t the damping or rate

of divergence of the pendulvml oscillation is very small

for c:_b!e lengths some distance on either side of the

stability bo'._ndary. For the lon_est cable length, how-

ever, the oscJl!a_ion damps to ono-D__ilf amp!itud_ fairly
rapidl U.

The boundaries of stability determined theoretically

are in CocJ qualitativ:_ a_reem_nt with the observed

bel<avior of the i,&:_C.Atrailin_ ai::,speed head. Actually,
there is no sha_-nly def'.ned boundary of stability b,_cause

t}<o oscillation is only sli£q,tl7 damped after the tody

n_:s be.0n lowered some distance into the stable region.

_s will te exT>laine8 later, ,i_st_rbin_ influences not

ta_.'en i_to account in the theory may cause an unstable

oscillation of t!u<_body when it u'ould theoretically

rl] 1-- __ bo_ndari3s of stabil_ev ::hown in fis'ure 5 indicat_

t]_.at, when the drag_ coefficiunt is z_ro, th_ body will be
uhstable at all v_iu.ss of cable _,-_n_th ;-:router than that

.... Q- ..

corres-oondinc to the lower stability _.ound.:_ry. For very

small va].uss of tl.m drug coefficient, such as world be

obta-_ned by ne£1ectin!l the cable drag, tb-% theor F
i_dic.,tes that the body will be unstable over a lazge

ran$@ of values of th_ cable lencth. The results of

reference 2, in which the dampinj effect of °",...itforces

on the cable is megloet_d, are th@refc._;e believod to be
in error.

Invcstisation of Nc.difisa-.tions to Improve Stability

In order to investigate the changes that might be

mad_ to improve the stability o_ a co_ventional type of
airsoeed head, it _s conw_uicnt to exoress the condition

for stability (formula (6)) in the followins form, where
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the nondimensional expressions have been removed by
substituting the dimensional quantities that they
replace •

1 k2/_2 2 2k /7,
"----'y > p +
mg -- -a --V2S D

Z 2

(7)

where k is the radius of gyration about an axis

through the pivot p_int and D is the effective drag

obtained by multinlying C D = CDc + CDb by I_V2S.

The curves of figure 5 show that the recion of

instability for a conventional type of towed body can
never be entirely eliminated. The following chang, es
would tend to restrict the unstable r_gion to a region

closer to the air]?lane"

(a) Decrease in weight rag,

(b) Increase in d1_ag

(c) Increase in area and aspect ratio of fin

(a) Decrease in ratio of radius of gyration to

tail lenKth k/Z

The first two changes are imoractical because they
interfere with the usefulness of the instrument as an

airspeed measuring device. The second two chan_es,
however, provid_ practical methods of improvement. For

example, the greatest distance below the airplane at
which _anstable oscillations occur in the example

previously given could be decreased from 6._ feet to

4.2 feet by doubling the tail len_th ,'_ithout increasing
the radius of yyration. This chancre could be accomplished

by mounting a light set of fzns on a boom behind the
instrument. Formula (7) indicates that increasing the

speed will restrict the unstable region to shorter cable

lengths. Once the oscillation becomes unstable, however,

it will probably increase in amplitude faster at higher

airspeeds. It may be advantaceous , therefore, to raise

and lower the body at low i'lyin£_ speeds.

The use of special devices to improve the stability

will now be considered. It has been found by the writer

that the two mod_s of oscillation given by a quartic
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_i].l demp to one-half amplitod_ in. bhe same time if the

co,9fficients satisfy the _,clatio1_

L ° bc

9 2
+d:O

Such a co_.d!tio_z wLll _.lve the ol:)tim_m_ use of damping

in t_z_ system Throvr:h e:tamiue.tiou of the coeffici.3nts

of tl,e q,,Lart_.c, for::_u.]_a(].), it is four:d that this
relahfcn :,in_-be satL_,fied l.y rroetly 5he,casing the

by ±e_uczr=# oz..... rectionaldamo:i.:,:r__ in yaw L_ or _, --,,- , : _,= ,-l{
- " -- o 4

stab:i_i._t;,; ]_ almo,_ to zero• Physically, a condition

c_ _.=e :_o,_, r......_ns approximately
_,"_r_'-i to t'n_ av.sre..e dt'-',_ction,of f].i,Tht as it S,IJ'i]-']_S

o. ,de _,_' i_,, _z_ste.t_d o {" tuz_nins _.nto the relative-- ] ' O "" ] [ ....... S .......

'/"_.rlio mOVOOS £re t].'.O.rgO}.rbY'OT/_)}.tt ",-IltO ].O1,9_}_ to clamp
cut _[.,<; oe i._ulm!_ oscillatio_.

S'!'e (orsf_Lr, g toothed of oofi_<_ninL_ stability may
a.".s< _e eu',:..]':,_ ....._ i_z terms of ..... •. ...._..., _. t,',_e stM)_ li'-"_.v L,ounc!aries
, .........[: .7 -O(._ i. i_, ' ['\l-'"J, .5 T,, -',.._-,_._S:I_a.17_. S table re t..ion below

_,.' o e _* _:":"7¢[:7_ the n_nduq_m o,.qcil-
t.xs r.mn_rt"_.zsm .It:st described.

T,TF..,i-' . ,_..I ] ,' Y._'_ ,. .;-". C i_= :: tionL,l., s t <_bi l.__.....u ,r ar, d inc re :_sing.
ti-u .-_ ,,",_i.'-::: i.u :),_:,',;,z, bhe lo_,,er bo_.,.nrta-_y of stability is

ra:..s;r_, to ],_f..:,_:_::r values of F/]<b. It is Shee_tioal!y
ros_-,"bl _ _-_..,,,,o. snocial devices that arbitrarily
i_:c__.or_uo the rla:..7<._2r__g in y:-_w or -._'educe th,% directional
scabL,_]z_/, i:c _?L.-,_,_th_s sttc'.bilit_,bound'_r.T so tl_at

the _.n:_:table rieL:___On iS ellr,.inated. It will be noted

t_"at :.):is.<u._thod of i_provip. C stability is different

in -crT.:ciple f_'.2or-:the end ,_.us ribed following for
muT_. i'] Th_ r,;etz_od b_ ..... d on .+ormuta (7) consisted

__n-.'._t._ndi_ tb_e stable r._f<ion b,_rlowering the ripper
t:o ,.... :.',_"<, of ot'{bi].i_-',, m,,_ m._l;t:: _ bo .... now ,--.Lnr:" considered

con 'tsts in ralsin_, the lo,_cr stahilit_ boundary

It h<s .be:]n fount!, i.p,,:',os,:.°_zb_._, in _*_.rac,_ tice, to
rcd_< _ thL, dlr/, _ ...... ,,........... c uzom_l stabfllit=,'-of a conv:_ntl.onal
to,v_d i,ody to the extrem_l;:.: smal.1 value r_quir'od.

The ocd>- o _, fih_. i_strument is .,_en,gral].yun_tab!e_,_ q_nd

..om_ .fin az_ea is r_equEzu_d to Czve n.]utra! dire_-_].onal
stabT.lity. Any sm.ai] cha!7.ge in tha characteristics

of tha body .:]u_ to R_Z_nolds number or due to small

chp.n'_e_ in shap_ woulu b_ c_ff[oiont to make <t either

:_[r,_c_ioua].!y unstable or _oo _st_:*L,le to obtain damping

by ViT_tue O! its lOW dir'eot'on:_l stability° The

a!t3rnativc, #roatlv " -_' ........ Lnc .... -_iq/ the d-.mpzng in [caw,
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might be accomplished by operatin_ th3 rudder of the

instrument by means of a gyroscopic element to cause

the rudde _ to deflect an amount proportional to the

yawing? velocity. The complication introduced by such
a mechanism would probably make the method impracticable.

Another method of increasing the damping in yaw

and at the same time reducing the directional stability

is to use two fins, ona at the front and one at the rear

of the body. Calculations show that the directional
stability must be reduced to a very small value (approxi-

mately 4 percent of the stability contributed by the
rear fin) in order to avoid the unstable oscillations.

A moderate decrease in directional stability, even when

combined _ith a damping in yawr of 20 times that for a

conventional body, will not avoid the unstable oscilla-
tions. If the required small directional stability

could be obtained, any _liont misalinement of tha front

and rear fins would cause the body to trim at a high

lift coefficient. This condition would cause the body

to fly out to one side and would also make it undesirable

as an airspeed measuring device.

Longitudinal Oscillations

The lon_itudinal motion of a towed body has been

treated tbeoretically in reference 2. This analysis
neglected the damping of th_ motion contributed by air

forces on the cable. The boundaries of stability
calculated in reference 2 are therefore believed to be
unconservative.

In practice, the fore-and-aft p_ndulum motion of
the body has never been observed to become unstable at

long cable lengths. It is noted that the effect of

tb_ cable could be _o_<_- into account as an equivalent

drag coefficient, as it was for the lateral oscillations.
If a value of dra_ coefficient of the correct order of
ma_nltu_;e is substituted in the relations oresented in

rei_er3nce 2, the pendulum oscillations may be sho_vn to
be well damped at lon_ cable lengths.

At sho_t cable lengths and moderate speeds, the
body hangs approximately v_rtically below the point

of suppolt; therefore, very littl_ coupling exists

between :[ore -_nd-aft movement of the body and pitching

motion. The oscillation is simply a p_ndu!um motion



with 6ar1<_.ur suenlicd by tb9 cable dr._q. Inasrmch as
this cable drs(i is s_al! at short cable len_t.hs, the
oscil_1_h_on, thourh theoz_etic_lly stable, is slowiF
damFed and ._.az-become unstable if disturbing influences
are p_escnt.

The o_'_lw_is Of.....,,_ ._,_ _ reference '2 S)AOWS th&t other modes
off lonritudinal oscillation involvin C bowins of' the cable

and pitching of the bod_ are th3oretically possible, but
such oscill-_tions hav_ never been observed in T)ractice.

It is believed that the drR< on the cable erevents these
oscillations it.oN ber_- ,,_ ..... _ unstable.

1
F!icht t_sts t.ver,_ made of_, an a_p,.... re.... ......._ate!sT. _-scale

model abo_t-5.yr_am!cal];, ,_ sin:ilft_ to-t_r_...h_C_ t,r, ai.]img[-

a!rs_._._'d h:e.':_d susoended item _ ..%bw;son oR-_,., alrnlane.

A <_r,,_,_,_,.C°..... o f_'-'_,-,_model is s,_...............,; i". fi:fi_u_ '_ 7. In order
.............. _ T:_r.ll _...... the b_-ad _,_ to a su_u.o_t trader the

ai_,:l=<_e, tl_e cord was :,t_n throu[_ik an _yel<_t on the cabin
S tOPS.

TI:o instrument was stable ._:hen toy.red on thc end of

a TS-foot c<1,_]_] at soe,_<_s bet_,.,.e3n C0 and. 150 miles per
hour. I:r__te_.'<l:_r_dfore-a:_,1-aft oscillations damped out
i:_ a s:_all nt_mbor cl cycles. It shot_IS be noted that

t]_e co_k_esp._ndin_.i cable ._ns_hs or_ "A full-scale towed

n_rsre.::d k_ad, t_!ce th<_, size of the one tested, would

!:0,9 tv;ice as !rear. Tlt_e co:'r,:_soondinf so._ds would be
',_? tir__s as .[rest in order' to m:_intatn the same value

When the model was drawn uo to about 3 feet from

the air'._lnne, it was suffici,_itly stable at SO miles _oor
hour. Unstable oscillatioL_s did mot start while the

body was ]._ft in this oos_t±on for _' ",__.oo:_o a minute. This

behav!_or :!o:_s not necessarily in:iicate that the oscilla-

tions would have dame_d out or ce <hey had star, ted. The
ti_eor,y shows tha_ a large number of oscillations is

required to double a:m)litude: the body mi_:ht, therefore,
have to be towed :+-or .a _onsiderab!e l_ni%th o-' tir_,_

be;'oru oscillations would b_"o,',_:e notice_b!e. U:N-'o_ttmately,
no m_atts were a',_xlao!e to :_ta_:t _..m oscillation.

i_s the speed was incl'eased, the motion became less
st_,.ble, until at 9b ni!es _:_r' bour incrcasins oscillations

occur.red. ,'ks p__cdicted by t!_e thcor.y, both the
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fore-and-aft and lateral osdillations had oeriods close

to the period of a simple pendulum. The lateral and

fore-and-aft oscillations inevitably combined to cause

the instrument to travel in an elliptical orbit. The
direction of rotation was such that the instrument

swung back as it came closest to the fuselage. Proba-

bly the increased velocity near the fusela_ fed energy
into the motion with each oscillation and caused a

greater rate of increase in the amplitude than would

have been predicted by the theory.

Several modifications of the model were tried in an

effort to impi_ovo the stability. Two modifications

appeared to improv_ the stability of the psndul_n oscil-

lation at short cable lengths. One of th_se changes
consisted in shifting the pivot point rearward I/2inch,

and the other consisted in equipping the model with a

hinged rudder with weight behind the hinge line and

viscous damping. These chan_es prevented the oscilla-

tion from appearing spontaneously as the speed was

_radual!y increased from 80 to 140 miles per hour. k
theoretical study indicates that these changes should

have only secondary effects on stability. These tests
are not considered to be a conclusive demonstration of

the stability of the body because it is not known whether
oscillations would have damoed out once they were started.

Various other modifications that were tried resulted

in unstable short-period oscillations of the body. These
tests were made at a speed of 80 miles per hour. A

forward shift of the pivot point caused a pitching oscil-
lation. This motion was believed to be the result of

elasticity of the cable and mass unbalance of the body

and was similar in nature to flutter. A freely hinged

rudder with weisht behind the hinge line caused a short-

period yawing oscillation. The use of an asymetrical

vertical fin, extending only below the body, caused a
short-period rocking motion of the body.

Another type of instability has been encountered on

a few occasions when the full-size NACa airspeed head

was lowered at the full length of the cable (approxi-
mately 200 ft). In one case in which this motion was

observed 2 the airspeed head was lowered from the door

of a twin-euxine low-wing cabin monoplane° Tbe head

was steady at speeds below !S0 miles p_r hour, but at
this speed oscillations of about _-foot wave length dn
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the cable or'_'nated at the aizT!a::__e and traveled down

to the body. As tLe so¢ed _:,_asincreased to 1¢5 miles

e_ _ hou_ _, the oscillations Oecsme ver.y viol_mt aud
caused a pitchin S notion of the oody. T!_e _;,Jhipping

action at the lower end of the cable evektua!ly caused

_t to or_jsk. A m_tal spLe_e _<.as later towed fpom the
same m±zX._lans and the oscillations occurred as before.
Tn_ oscillation was thorei_re _ot rel_tod to the aero-

dy_m.<_:ic charac_e_.].stics of the body. It was believed

to _e carsed %y the action of unsteady air flow fl_om

tke _vin_-fusela£1s jumctRre on the tot catle. The same
airspeed he_d has Lesn used w_tLout difficulty, at much

hi_uher speeds on other alto!ames.

Seve_al relatively li%ht, large-size to_;_,edbodies

ho,ve been tested i_q flicht. T]_e pendulum oscillation

of these bellies has never been known to become unstable,
e;_n w!_en tb.e body was raised os' lowered from th_ air-

olal'.s q_.ite slowly. T_,s o_ha_tor is in agreement
_vith t_@ theoretical orediction. These todies :lave a

_a]] v',_iP,s of b compa_'sd with tkat of the to,.ved

a_ _scs_d head: t%e unsta_]e '-'_ciou st normal flyiu S

s oseds is th_:-efo_e very s:r_.a].!.

DISCUS8IO!,_ OF RESISTS

Th_ thgor_tical _nd exoerim_nta! investigations
have shorn that the, p_ndulum motion of a towed body may

become unstable _,_q_n the body is dragon _p close to the

airplane. Ti:e theorT s.%ow_ that the instability is

not s a_'ious because the amDiitud_ or ti%o oscillations

increases very s!o,:,,ly. Th_ _uax_uum cable l_ngth at

_vhzck unsta_:ie oscil!_t'ons can occur nay b_ peduced
oy raduction o_ the ratio of r_a_ius of gyration to tail

icn&th of the body and by increas_ of th_ fin ar_a and
asi,ect _at_o.

Noz_o vio]._nt instability of the pendulum oscilla-

t_i.on than wou]d b_ pr._dict._d by the th,_ory, as well as

other tyT.gs of instability, may bc introduced by

unst,_adiness or lack of uni_brmit-y of the air flow

in the region v.dP_erethe t.'ody is lov,,ered from the air-

plane. Inasmuch as no practical method has been round

to pro_,ide large damping of the oe_dul_m_ oscillations

when the body is close to th,_ airplane, _t is desirable
to ]o,,','erthe, body f_om a ooi.ht whore it is not subjected
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to thsse _isturbing infiucnc,_s. A suitabl_ location

would probably be on tn_ plan9 of s_'mmetry of a twin-

engine airplane, or on the win C of a s lugle-Jn(-:ine
airplane at a point outside the s!il-stream, it also

appears desirable to lower an_ raise the bed7 at low

flyin_ speed, because the unstable oscillations then
increase in amplitude very slowly. If these precautions

are taken, it should bo possible to lower a towed body
without attraction on the part of the pilot. The only

possibility for unstable oscillations to develoo would

b_ if the body w_re l_ft for long periods suspended
only a few feet below the airniane. Oscillations of

the system at larce cable lengths are rapidly damped

because of th_ cable drain.

COYCLUSIONS

I. A theoretical study of the motion of a suspended

body stabilized b7 fins showed that it had two modes of
lateral oscillation with the follov_ing characteristics:

(a) Weather-vane oscillation

The weather-vane mode of oscillation was

rapidly damped and had a period about equal to that
of the i.nstrument oscillating as a weather vane about

a vertical axis through its coulter of cravity.

(b) Pe ndul_m oscillation

The period of the pendulum mode of
oscillation vJas about the same as that of a simple

pendullan of length equal to the vertical distance

of the body below the airplane. The oscillation

was dammed by the cable drag at large cable lengths
but was unstable at short cable lengths. The rate

of increase el' amplitude in the unstable rggion was

very small. It was found that the unstable region
could be restricted to short cable lengths at normal

airplane soeeds by keeping the radius of ffyration
of the body small and Lncreasiny the fin area,

aspect ratio, and tail length.

2. In fli:_ht tests, more violent instability of
the n_ndul_L_ r._otio_ was enco_ntered than would have

been expected from th3 theory and other tyoos of
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_nstability occasionally oncurred. These conditions
were attributed to the action of u:_steadv air flow on

the cable. !t is believed that umsatisfactory behavior

of a towsd susnende_ body can be avoided by lowering and

_aisin8 the bod 7 at low flyiJag sL,eeds from a ooint on
the c ir_Jlsme where t]_e air flow is uniform°

lam._.le 7 _.'[e_voria]. Asroma.ubics, 1 Laborat, ory,
iTationa! l_gvisory Co:u.m__tt,:-_'G for A:_romautics,

l.,an,_ley Field, Va.

f
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APPENDIX

DEm_R?,_TNaTIO.N.• _ _ ..... OF Ec_UIV_LENT DRAG. COEFFICIENT OF m_H_ CABLE

The drag of each cable element of height dz is

p 2
dD c = CdcW c _-V dz

where Cdc is the drag coefficient of the cable per unit

vertical height. The variation of this drag coefficient
with inclination of the cable has been obtained from the

data of reference 3 and is presented in figure _. If

the assumotion is made that the cable remains straight

when viewed from the front, each cable element has a

lateral velocity proportional to its distance below the

air01ane. Th_ side i'o_r_ce acting on each cable element

_C

dye = dDc V

_pv2 %_ z
- CCtcWc 2- V _- dz

The total side force is

ZYC ---- WC _\r Cdc _z dz

This side force has been determined by graphical

intezratiom for cables with various values of' X/Z, the

ratio of horizontal length to height. The cable form

was assumed to be that of one-quarter of a sine wave,

as sho_J_n in figure 9(a). Although the shape of the

actual cable may deviate somewhat f_om a sine curve,
the error in the calculated side force will be small.

The location of the resultant side force may also

be determined graphically as the center of gravity of
the a_ea represcntin_ the side-force distribution. _f

the ineI_tia cf the cable is neglected, the lateral force
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will be balanced by roactions on the body and on the

po[r_.t of nupport; the magnitude of the reactions wi!].
depend on the position of the resultant side force on

the cable. As shown by figure 9, most of the side

force on the cable is transmitted to the body. Let

the fraction off the total side force that is applied
to the body be K. The side force apolied to the

body is then

Yb = KYe

= Kw c _vy_,jo Ode y d

dy b _ 1{wc Cdc _ d _ V$

. S

By compar, ison with formula (2), the quantity in brackets

may be substituted as an equivalent drag coefflci3nt in

the fozmula for Y_. The relations may be ..... " "
as follows :

PVS

"W'_y= (CDb + COc) m

whe z'e

KV"cZ t I z d/Zh
CDc- s Jc. c%

The value of CDc may be determined from figure 4 for

cables o£ various values of the ratio X/Z.

In order to determine th_ variation of' CDc with

cable lensth as the body is drawn up to the airplane, it
is necessary to know how the ratio X/Z changes with

cable l_n_th. Tynical exar_ples have b_en worked out

for two airspeeds for the airspeed head and cable

previously described. The shape of the cable was
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determined from considgration of the forces acting on
the cable elements, obtained from reference 3. The
cable _hape for each speed is shown in figure i0. Any
poi_ t o_ the cable may be considered as a point of
susrcnsion. The variation of tho ratio X/Z as the
cable is dravm in or let out may therefore be determined
graphically from this figure.
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Figure 3.- Top view of trailing airspeed head showing component

of aide force due to drag.
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Figure 5-- Boundaries of stability for a towed body.

Value of a is -2.10 per radian.
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